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Re-acylationThe objectives of the study were to examine if early cod larvae could incorporate long-chain highly unsaturated
fatty acids like docosahexaenoic acid (22:6 n−3, DHA) from dietary phospholipids (PL) more efﬁciently than
fromdietary triacylglycerides (TAG), and to investigate if because of this, PL from copepods is a better DHA source
than PL from rotifers for larval cod. Two diets of Brachionus plicatilis Nevada were compared in one ﬁrst feeding
experiment. Their lipid composition was similar, but %DHA of PL fatty acids was different; 2.1% for Brachionus-
Low and 9.4% for Brachionus-High. A second experiment compared the Brachionus-High diet (9.4% DHA in PL)
and cultivated nauplii of Acartia tonsa that contained 30% DHA of PL-fatty acids. The total lipid per fry dry weight
(DW) and the lipid class compositionwere similar for all larval groups at 17 days post-hatching (dph). The %DHA
of total fatty acids in PL of newly hatched larvae (2 dph)was 26%, and the values for fed groups varied from 17 to
30% DHA of PL fatty acids. The dominant fatty acids in the PL of larvae and PL of the diets were well correlated
(r2= 0.84, p b 0.05), speciﬁcally for %DHA (r2= 0.90). The %DHA in larval PLwas also signiﬁcantly positively cor-
related to larval DW at 17 dph, whereas the relationship to survival was positive, but not signiﬁcantly correlated
across the three diets. We conclude that cod larvae exhibited a low capacity for de novo PL synthesis based on
dietary TAG, the normal pathway of adult ﬁsh and humans. The 17 dph cod larvae instead synthesised their PL
through re-acylation of digested dietary PL. It then follows that only a dietary PL composition close to the PL com-
position of larval cod, like in PL of many copepods, can secure high DHA incorporation in larval PL, and ultimately
high larval growth and survival. We suggest that the DHA requirement of cod larvae cannot be easily met with
B. plicatilis Nevada and call for new approaches of larval feeding.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
The interests of culturing cold water marine ﬁnﬁsh in Europe
emerged in the 1970s, and the production of viable juveniles became
the ultimate everlasting challenge for most species (e.g., Moksness
et al., 2004). Some of the pioneering work on ﬁrst feeding of Atlantic
cod (Gadus morhua) larvae was undertaken using harvested zoo-
plankton as live larval feed (Folkvord et al., 1994; Oiestad et al.,
1985; Olsen et al., 1999), but cod juveniles have later been produced
commercially using rotifers and Artemia as the principal live feed.
Cultivation of Atlantic halibut (Hippoglossus hippoglossus) attracted
major attention in northern countries from the early 1990s, and lar-
val rearing of the species was undertaken using copepods and later,Peru.
. This is an open access article underArtemia and rotifers as live feed (McEvoy et al., 1998; Olsen et al.,
1999). Atlantic halibut and Atlantic cod have had a relatively strong
focus withmajor investmentsmade to solve the problems of juvenile
production, but the global production of both species in 2011 was
still relatively low, with 16,000 tons of cod and 2900 tons of halibut
(www.fao.org).
There are presumably many reasons why both these species have
not become more successful. The halibut has a very complex life
cycle (Mangor-Jensen et al., 1998; Olsen et al., 1999) and cod aqua-
culture has suffered from variable juvenile quality as well as the
competition with increased landings from cod ﬁsheries. Neverthe-
less, the growth potential, survival, and viability of the juveniles
are apparently not fully realised for these species when they are fed ro-
tifers and Artemia at the larval stage. Larval feeding by copepods tends
to produce juveniles of better quality, and it is still not completely un-
derstood why (Busch et al., 2010; Evjemo et al., 2003; McEvoy et al.,
1998).the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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been shown to be essential ingredients of ﬁsh larval diets (Cahu et al.,
2009; Coutteau et al., 1997; Tocher et al., 2008). These conclusions
have been drawn based on knowledge on digestive andmetabolic func-
tions of lipids and PL (Iijima et al., 1990; Sargent et al., 1989; Tocher,
1995) and because of the practical problems of supplying nutritionally
adequate PL to larvae (Cahu et al., 2003; Gisbert et al., 2005; Wold
et al., 2007). Both Artemia and rotifers have high PL contents (Harel
et al., 1999;Olsen, 2004; Rainuzzo et al., 1994a), but the fatty acid com-
position and conﬁguration of the typical marine PL molecule are dif-
ferent from those of the enriched rotifers and Artemia (Coutteau and
Mourente, 1997; Li et al., 2014; Sargent et al., 1989). It has been
shown that the content of PL per dry weight (DW) of rotifers cannot
be manipulated much, but that the percentage PL of total lipid varies
dynamically with the total lipid content of the rotifers (Li et al., 2014;
Olsen et al., 1999). It is also apparent that the fatty acid composition
of PL of rotifers can be manipulated to some degree (Li et al., 2014;
Rainuzzo et al., 1994b).
The present study was motivated by an early observation made
for Atlantic halibut larvae fed short-term enriched Artemia and har-
vested copepods (Evjemo et al., 2003). It appeared that the halibut
larvae were less capable of incorporating docosahexaenoic acid
(DHA; 22:6 n−3) from Artemia than from copepods into their tis-
sues. This observation was not understood at that time, but we now
suggest that this was the case, because DHA in enriched rotifers and
Artemia are mainly associated with triacylglycerides (TAG) (Coutteau
and Mourente, 1997; Li et al., 2014). We therefore suggest that early
cod larvae cannot efﬁciently utilise DHA from digested TAG compo-
nents for de novo PL synthesis and that they instead base their PL syn-
thesis on dietary PL. This probably reﬂects a limited ability of early
larvae to carry through de novo synthesis of PL based on dietary TAG,
and is in agreement with the ﬁnding that PL appears to be essential
for ﬁsh larvae in their very early stages (Cahu et al., 2009; Coutteau
et al., 1997; Tocher et al., 2008).
The objective of the present study was accordingly to examine if
cod larvae could incorporate DHA from dietary PL more efﬁciently
than from dietary TAG in the early stages of feeding and growth.
This might explain why copepods are generally a better live feed
source than rotifers and Artemia for some cold water ﬁsh larvae, be-
cause copepods, contrary to rotifers and Artemia, have high DHA con-
tents in their PL (Li et al., 2014). We compared DHA retention in PL of
17 day post-hatching (dph) cod larvae fed two rotifer-based diets
and one copepod-based diet, all with a different percentage of DHA
in PL. For Experiment 1, we designed amethod to produce two rotifer
diets that were almost equally composed except for a difference in
percentage content of DHA in PL and we compared these diets in a
ﬁrst feeding trial. In Experiment 2, we compared one of the rotifer
diets with cultured nauplii of Acartia tonsa exhibiting not only a
higher percentage of DHA in their PL than the rotifers, but also
other differences in their lipid composition.
2. Material and methods
2.1. Experimental description
Two ﬁrst feeding experiments with larval cod (G. morhua) from
egg stage to 17 dph were undertaken, and the procedures to produce
the live feed diets consisting of rotifers or nauplii of the copepod
A. tonsa represented the main effort of both experiments.
2.1.1. Microalgae
Rhodomonas baltica (NIVA 5/91: 8–9 μm) for feeding of copepods
was grown semi-continuously at 27 °C in seawater autoclaved at 120
°C for 20 min and, thereafter, 1.5 mL L−1 Conwy nutrient mixture was
added (Walne, 1974). Cultures (10 L glass bottles and 1.5 L PET bot-
tles) were given air containing 1–3% CO2 and were illuminated fromone side (Philips TLD 36 W, 965). Around 60–70% of the volume of
steady state cultures was harvested daily for use and replaced by a
new medium. Isochrysis galbana (T-ISO strain), used as a supplement,
was added directly to larval tanks (‘green water treatment’). It was
grown semi-continuously in polycarbonate cylinders (200 L) with 35%
of volume harvested daily and replaced with treatedwater with the ad-
dition of nutrientmixture. Otherwise, I. galbanawas treated in a similar
way to R. baltica. Finally, the cultivation diet of the rotifers included
Nannochloropsis sp. concentrate (Reed Mariculture, USA).2.1.2. Rotifers
Rotifers (Brachionus plicatilis — Nevada type) were cultivated in
250 L glass ﬁbre tanks at 20–22 °C and 20 ppt salinity. Feed sources
used for the rotifer was Baker's yeast (Saccharomyces cerevisiae), a
concentrate of Nannochloropsis sp. (Reed Mariculture), and an emul-
siﬁed lipid dietMarol E (prepared by SINTEF Fisheries and Aquaculture,
Norway) based on the marine oil DHASCO (Martek Biosciences, USA)
(see details in Table 1). Cultures were diluted by 20% of volume day−1
and Baker's yeast, Nannochloropsis concentrate, and Marol E (for the
Brachionus-High diet) were added continuously by membrane pumps
(Iwaki Ltd., EW-F20VC-20EPF2, Japan). Rotifer cultures were used as
live feed after reaching a steady state of growth, judged by an establish-
ment of a constant rotifer density with time. The quality of the rotifer
cultures was monitored daily (eggs female−1, turbidity, swimming
pattern, Olsen, 2004).
Two different rotifer diets were prepared (Table 1). Brachionus-High
was prepared as described above with Marol E added continuously
along with the other feed components, representing the standard ro-
tifer diet of the laboratory (control). The rotifer culture becomes
enriched by the n−3 highly unsaturated fatty acids (HUFA) of the
emulsion during normal growth, and the biochemical composition be-
comes constant with time. This method has been termed long-term en-
richment or combined growth and enrichment (Olsen, 2004; Olsen
et al., 1993; Rainuzzo et al., 1994b), and is well suited for use at low
temperature. Brachionus-Low was grown without a continuous addi-
tion of Marol E, but was instead short-term enriched by this emulsion
for 2 h just before its use as live feed (Table 1). The ration of Marol E
given and the incubation time were adapted to yield a similar enrich-
ment of total lipids and n−3HUFA, particularly DHA, for the two rotifer
diets. The rotifer cultureswere carefully rinsed by exchanging thewater
before their use for ﬁrst feeding.2.1.3. Acartia
A. tonsa eggs, obtained from Roskilde University (Denmark, iden-
tiﬁcation code DFH-ATI) (Støttrup et al., 1986), were hatched and
grown to adults in seawater (34 ppt salinity, 20 °C, slightly aerated)
under constant light (2000 lux) inwhite polyethylene ﬂat bottom tanks
(100 L). The culture water was partially removed and exchanged with
seawater every 3–4 days (30–40%). The copepods were fed R. baltica
three times a day. Eggs were collected daily for a period of 3.5 months
by siphoning the bottom material, selecting the particulate fraction be-
tween 38 and 120 μm, rinsing with chilled autoclaved seawater, and ﬁ-
nally storing at 1.5–4 °C (20 ml glass tubes). The number of eggs was
estimated from sub-samples (100 μl) that were diluted (10 or 20 ml)
and counted under a microscope (10 × 50 μl). The average daily yield
through the harvesting period of two consecutive stocking series was
1170± 530 eggs L−1 day−1. The harvested eggs were kept refrigerated
at 1.5–4 °C and the hatching was maintained through 3 months of
storage (70–83%).
In the second phase of live feed production, the required amount of
eggs needed for live feed for each day in the experimentwas hatched in
separate tanks (20–40 nauplii mL−1) and further cultured for 2–3 days
(nauplii stages I–III) or for 4–6 days (nauplii stages III–IV) using the
same cultivation conditions as described above.
Table 1
Schematic description of methods used to produce live feed diets for the two ﬁrst feeding experiments. The rotifer Brachionus plicatilis, strain Nevada (former SINTEF strain), was grown in
semi-continuous culture in 250 L tanks, 20–22 °C, 20 ppt salinity, and fed andharvestedoncedaily (n = 3–4).Acartianaupliiwere cultured in 100 L tanks based on produced resting eggs,
20 °C, 34 ppt salinity (n = 2). For more details, see text.
Larval live feed diets Production procedure
Brachionus-Low
Brachionus plicatilis Nevada Cultivation feed: Baker's yeast Saccharomyces cerevisiae (1.2 μg FW ind−1 day−1) and
Low percentage DHA in PL Nannochloropsis sp. paste (Reed Mariculture), 0.5 mL 10−6 ind day−1
Short-term n−3 HUFA enrichment just before application Feed for short-term enrichment: lipid emulsionMarol E (SINTEF), 0.16 μg emulsion ind−1,
2 h of incubationRotifer concentration at steady state: 130–150 ind mL−1
Brachionus-High
Brachionus plicatilis Nevada
High percentage DHA in PL
Cultivation feed: Baker's yeast Saccharomyces cerevisiae (1.2 μg FW ind−1 day−1),
Nannochloropsis sp. paste (Reed Mariculture), 0.5 ml 10−6 ind day−1 and lipid emulsion
Marol E (SINTEF), 0.09 μg emulsion ind−1 day−1
Long-term n−3 HUFA enrichment during cultivation Rotifer concentration at steady state: 160–180 ind mL−1
Acartia nauplii
Acartia tonsa, identiﬁcation code DFH-ATI, Roskilde University, Denmark
(Støttrup et al., 1986)
Production and storage of eggs
Hatching of eggs and cultivation of nauplii
Cultivation feed: Rhodomonas baltica NIVA 5/91: 8–9 μm
Stages I–III, 2–3 days of growth, length 110–190 μm
Stages III–IV, 4–6 days of growth, length 190–310 μm
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Seawater was taken from 70 m depth in the Trondheim fjord and
was passed through a sand ﬁlter (20 μm) and a bio-ﬁlter unit for re-
colonisation of bacteria prior to use. Fertilised eggs of Atlantic cod
(G. morhua) fromMarine Breed (Sunndalsøra, Norway)were disinfected
(glutaraldehyde; 400 ppm, exposure for 6 min, Salvesen et al., 1997)
before distribution to the larval rearing tanks. In each experiment,
six tanks were stocked with cod eggs (40 eggs L−1) 2 days prior to
hatching (Table 2). The microalga I. galbana was added to larval
tanks before eggs and live feed and a slow exchange of water was initiat-
ed at 3 dph. Tankswere equippedwith skimmers. The bottomprecipitate
was removed three times a week and dead larvae were counted. A. tonsa
nauplii concentrations in the ﬁsh tanks were kept at 5 ind ml−1 and ro-
tifers at 5–7 ind ml−1. Live feed organisms and microalgae were
added to the tanks three times daily, and the live feed concentration
was then adjusted to the speciﬁed concentrations.2.2. Sampling and analytical methods
The DW of larvae was analysed at 2 and 17 dph. Larvae were
anaesthetised with metacaine (Finquel®, Argent Laboratories,
Redmond, USA), rinsed for a few seconds in fresh water, andTable 2
Experimental conditions and sampling schedule used for cod larvae fed the three live feed diets (
is the normal period of rotifer feeding of cod larvae used in our laboratory. Larvae were fed th
concentration of Isochrysis galbanawas controlled daily and maintained within 1–1.5 mg C L−
Days post-hatching (dph) 1 2 3 4 5 6 7
Temperature, °C 6 6 7 7 8 8 9
Light (40 W) Dark → Continuous light conditions
Water exchange, day−1 → 1×
Microalgal addition → Isochrysis galbana (1–1.5 mg C L−1)
Experiment 1
Low-B larvae, n = 3 → Brachionus-Lowa (5–7 ind mL
High-B larvae, n = 3 → Brachionus-Higha (5–7 ind mL
Sampling of larvae x
Experiment 2
High-B larvae, n = 4 → Brachionus-Higha (5–7 ind mL
AT larvae, n = 2 Nauplii I–IIIb → Na
Sampling of larvae x
a Length of rotifers was 130–340 μm.
b Nauplii stages I–III, 2–3 days of growth, length 110–190 μm.
c Nauplii stages III–IV, 4–6 days of growth, length 190–310 μm.transferred to individually pre-weighted tin capsules (n = 12 for
each tank and sampling day). Capsules were dried for a minimum
of 48 h at 60 °C before weight determination. Values are given as
mean weight of larvae from the respective treatment tanks ± stan-
dard error (SE).
Larval survival was estimated from the initial number of eggs
corrected for % hatching rate, the number of larvae at the end of the ex-
periment, and counts of sampled and dead larvae removed during the
experiment.
2.3. Lipid analyses
Samples for lipid analyses were taken from feed components
and steady state cultures of R. baltica, Brachionus-Low and Brachionus-
High, and from cultures of A. tonsa nauplii grown for 2–3 and 4–6 days.
Larvae for lipid analyses were anaesthetised, rinsed in freshwater
(6 °C), and transferred to sample tubes added N2 and immediately fro-
zen at−80 °C.
Freeze-dried samples were crushed and homogenised. The lipids
were extracted by the Bligh and Dyer method (Bligh and Dyer, 1959),
and lipid content was determined gravimetrically. Fatty acid methyl es-
ters were produced as described by Metcalfe et al. (1966) and analysed
as described by Standal et al. (2008).Table 1). Larval feedingwas initiated on 3 dph and the experiment lasted till day 17,which
ree times daily; the density of live feed was then increased to the density indicated. The
1. n indicates the number of larval tanks of the treatment.
8 9 10 11 12 13 14 15 16 17
9 10 11 12 12 12 12 12 12 12
←
← → 4× ←
←
−1) ←
−1) ←
x x
−1) ←
uplii III–IVc (5 ind mL−1) ←
x
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thin-layer chromatography (HPTLC), as described in Olsen and
Henderson (1989) with a few modiﬁcations. A known amount of
lipids was applied in bands, making use of Linomat IV (CAMAG,
Muttenz, Switzerland) equipped with an N2 spray unit and a Hamilton
syringe (100 μl). Non-polar lipids were separated with a one-
dimensional double development system adapted from Skipski
et al. (1965). The ﬁrst development was in diisopropylether:acetic
acid (96:4, v/v) and the second was in petroleum ether (fraction
60–70 °C):diethyl ether:glacial acetic acid (90:10:1, v/v/v). PL were
developed using methyl acetate:2-propanol:chloroform:metha-
nol:0.25% potassium chloride (25:25:25:10:9, v/v/v/v) (Olsen and
Henderson, 1989). All solvents were pro analysis quality or higher.
Twin trough chambers (CAMAG Muttenz, Switzerland) lined with
ﬁlter paper on one side were used for plate development and all sol-
vents used were pro analysis grade or higher.
Developed plates were dried (air; 10 min, 20 °C) before they
were submerged in 3% Cu (II) acetate in 8% phosphoric acid (w/v)
(Fewster et al., 1969), followed by air drying, the ﬁrst 10–15 min
ﬂat on a table and thereafter, 10 min with a hairdryer (20 °C), and ﬁ-
nally charring at 140 °C for 40 min (CAMAG plate heater). The plates
were analysed by photodensitometry in absorption mode at 325 nm
using Scanner 3 (CAMAG) and winCATS software (1.42). Samples
and standards were always applied at regular intervals on the plates
in addition to a blank track. Replicate analyses were performed on
four separate plates, and the lipid classes were quantiﬁed against cal-
ibration curves (Olsen and Henderson, 1989).
PL fatty acid composition was analysed using thin-layer chroma-
tography (TLC) according to Fried and Sherma (1999). Extracted
lipid samples was applied on TLC glass plates (SILICA GELslica gel
60 F254, MERCK KGaA, Darmstadt, Germany type (MERC)) using a
CAMAG Linomat IV application machine and Hamilton-syringe
(100 μL), the same instruments as described above. The plates were
developed using a nonpolar solvent (hexane:diethyl ether:acetic acid,
80:20:1, v/v/v). The polar lipids remained in the application ﬁeld,
and the procedure was repeated. The plates were thereafter driedTable 3
Lipid composition (mean ± SE) of diet components for production of rotifers and Acartia tonsa
acids,∑n−6 is the sum of n−6 polyunsaturated fatty acids,∑n−3 is the sum of n−3 poly
DHA is docosahexaenoic fatty acid (22:6 n−6), EPA is eicosapentaenoic fatty acid (20:5 n−3),
E, see text).
Baker's yeast Saccharomyces cerevisiae (n = 2) N
Total lipids, mg g DW−1 7.34 ± 0.13 1
Total fatty acids, mg g DW−1 3.16 ± 0.07 56
Fatty acids, % of total FA
14:0 2.45 ± 0.47 2.
16:0 12.1 ± 0.25 19
18:0 4.26 ± 0.28 0.
∑SFA 19.0 ± 0.46 22
16:1 n−7 30.8 ± 2.66 21
18:1 n−7 1.74 ± 0.22 0.
18:1 n−9 32.1 ± 1.00 3.
20:1 n−9 2.27 ± 0.75 0.
∑MUFA 69.8 ± 1.87 25
18:2 n−6 2.92 ± 0.26 2.
18:3 n−6 0.00 ± 0.00 0.
20:4 n−6 0.00 ± 0.00 3.
∑n−6 3.14 ± 0.33 6.
18:3 n−3 0.87 ± 0.15 0.
18:4 n−3 0.28 ± 0.16 0.
20:4 n−3 0.14 ± 0.05 0.
20:5 n−3 0.63 ± 0.19 32
22:5 n−3 0.19 ± 0.04 0.
22:6 n−3 0.75 ± 0.29 0.
∑n−3 2.85 ± 0.88 32
∑PUFA 5.99 ± 1.21 39
DHA:EPA 1.67 ± 0.11 0.
Unknown 5.23 ± 1.23 12in a ventilation cabinet. The PL spots, identiﬁed by ultraviolet (UV)
light, were scraped and analysed for percentage of fatty acid composi-
tion after methylation as described above.
2.4. Statistical analysis
Differences in fatty acid composition between the larval groups
and the feed organisms were tested at the 5% level of signiﬁcance
using one way ANOVA. Larval weights from each tank were tested
for normality by D'Agostino and Pearson test, and the two treat-
ments were tested for differences by unpaired t-test at the 5% level
of signiﬁcance. Signiﬁcant outliers were tested by use of Grubbs
test. Differences in survival were tested using unpaired t-test at the
5% level of signiﬁcance. Correlations between components in feed
and larvae were assessed using linear regression. Statistical testing
was performed using Sigmaplot version 12.3.
3. Results
3.1. Live feed diets
The rotiferswere fed Baker's yeast,Nannochloropsis paste, andMarol
E; the latter represented themain lipid source of the food of the rotifers,
showing variable contents of lipids and n−3 HUFA (Table 3). DHA was
the dominant fatty acid of the Marol E emulsion. R. baltica showed sim-
ilar contents of eicosapentaenoic acid (EPA; 20:5 n−3) and DHA and
was used alone for the cultivation of A. tonsa nauplii.
The contents of total lipids and total fatty acids in the two rotifer
larval diets (Brachionus-Low and Brachionus-High) were similar
whereas the Acartia nauplii (stages III–IV) exhibited lower lipid
and fatty acid contents (Table 4, Fig. 1A). The three live feed diets
analysed showed a PL content of around 7% of DW (range 6.6–7.3%)
(Fig. 1B), corresponding to 42% of total lipids (range 41–43%) for
the rotifer diets and 73% for the Acartia nauplii (Fig. 1C). TAG were
the second most dominant lipid class of the rotifer diets, but TAG
were only present in low amounts in Acartia nauplii, which instead.∑SFA is the sum of saturated fatty acids,∑MUFA is the sum of mono-unsaturated fatty
unsaturated fatty acids,∑PUFA is the sum of n−6 and n−3 polyunsaturated fatty acids,
unknown is the sumof unidentiﬁed fatty acids, n is the number of replicate analysis (Marol
annochloropsis paste (n = 4) Rhodomonasbaltica (n = 3) Marol E (n = 3)
18 ± 6.26 154 ± 4.70 684 ± 2.00
.1 ± 1.88 62.3 ± 2.90 509 ± 4.74
82 ± 0.02 6.91 ± 0.04 13.1 ± 0.43
.5 ± 0.09 5.54 ± 0.07 12.0 ± 0.40
44 ± 0.00 0.00 ± 0.00 0.00 ± 0.00
.7 ± 0.10 12.4 ± 0.11 25.1 ± 0.83
.4 ± 0.13 0.67 ± 0.01 2.89 ± 0.09
79 ± 0.01 3.05 ± 0.01 0.00 ± 0.00
22 ± 0.01 0.61 ± 0.01 26.3 ± 0.88
00 ± 0.00 0.00 ± 0.00 0.88 ± 0.03
.4 ± 0.12 4.32 ± 0.02 30.1 ± 0.99
77 ± 0.02 5.31 ± 0.02 1.67 ± 0.49
00 ± 0.00 0.69 ± 0.01 0.00 ± 0.00
34 ± 0.03 0.59 ± 0.01 0.00 ± 0.00
63 ± 0.06 6.59 ± 0.03 1.67 ± 0.05
13 ± 0.00 23.8 ± 0.03 0.00 ± 0.00
11 ± 0.00 24.8 ± 0.06 0.00 ± 0.00
00 ± 0.00 0.57 ± 0.01 0.00 ± 0.00
.4 ± 0.25 9.42 ± 0.01 0.72 ± 0.02
00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00
16 ± 0.01 8.05 ± 0.05 41.1 ± 2.09
.8 ± 0.26 66.6 ± 0.15 41.8 ± 2.07
.4 ± 0.30 73.2 ± 0.10 43.5 ± 2.02
00 ± 0.00 0.85 ± 0.01 57.4 ± 4.44
.5 ± 0.08 10.1 ± 0.03 0.48 ± 0.02
Table 4
Total lipid and total fatty acid contents and fatty acid composition (mean ± SE) of the live feed diets. For deﬁnitions of live feed categories, see legendof Table 1. Lipid acronyms are deﬁned
in legend of Table 3. n: number of replicate cultures. nd: not detected. nm: not measured.
Live feed Brachionus-Low (n = 2) Brachionus-High (n = 2) Acartia tonsa NI–III (n = 2) Acartia tonsa NIII–VI (n = 3)
Total lipids (mg g DW−1) 175 ± 1 168 ± 3 73 ± 3.0 94 ± 5
Total fatty acids (mg g DW−1) 107 ± 5 109 ± 2 nm 47.1 ± 16.5
% of total FA
12:0 2.94 ± 0.17 0.88 ± 0.02 nd nd
14:0 9.39 ± 0.55 6.32 ± 0.03 3.3 ± 0.1 4.7 ± 0.3
16:0 10.2 ± 0.53 8.59 ± 0.05 12.6 ± 0.8 14.7 ± 1.5
18:0 2.27 ± 0.08 2.51 ± 0.01 6.1 ± 0.5 3.9 ± 1.2
∑SFA 24.8 ± 0.79 18.3 ± 0.06 22.0 ± 1.3 23.3 ± 2.5
16:1 n−7 9.61 ± 0.49 9.54 ± 0.02 0.9 ± 0.6 0.6 ± 0.2
18:1 n−7 1.98 ± 0.10 2.18 ± 0.00 3.2 ± 1.3 3.0 ± 0.3
18:1 n−9 19.3 ± 1.05 20.1 ± 0.01 0.7 ± 0.4 0.4 ± 0.3
20:1 n−7 + 9 1.93 ± 0.10 3.29 ± 0.01 0.2 ± 0.1 0.1 ± 0.1
22:1 n−9 + 11 0.59 ± 0.03 1.00 ± 0.01 0.5 ± 0.1 0.4 ± 0.3
∑MUFA 33.4 ± 1.17 36.1 ± 0.03 5.5 ± 2.4 4.5 ± 0.3
18:2 n−6 4.48 ± 0.21 4.49 ± 0.01 4.3 ± 0.1 1.9 ± 0.6
18:3 n−6 nd nd 0.5 ± 0.1 0.2 ± 0.1
20:2 n−6 0.34 ± 0.02 0.38 ± 0.04 1.0 ± 0.1 0.4 ± 0.1
20:4 n−6 0.19 ± 0.00 0.17 ± 0.01 1.3 ± 0.1 0.5 ± 0.1
∑n−6 5.01 ± 0.21 5.04 ± 0.04 7.1 ± 0.5 3.0 ± 0.8
18:3 n−3 1.14 ± 0.05 0.99 ± 0.00 5.2 ± 0.4 10.4 ± 3.8
18:4 n−3 nd nd 2.2 ± 0.1 9.5 ± 5.4
20:3 n−3 0.62 ± 0.04 0.17 ± 0.00 0.2 ± 0.0 0.5 ± 0.1
20:4 n−3 nd nd 0.3 ± 0.1 0.8 ± 0.2
20:5 n−3 0.96 ± 0.04 3.67 ± 0.00 16.0 ± 0.2 18.7 ± 1.9
22:5 n−3 0.71 ± 0.18 1.73 ± 0.42 nd 0.9 ± 0.3
22:6 n−3 26.2 ± 1.55 22.3 ± 0.09 39.4 ± 1.3 28.4 ± 6.1
∑n−3 29.6 ± 1.56 28.9 ± 0.43 63.3 ± 2.1 69.2 ± 2.2
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abundant in rotifers than in the copepod nauplii.
The fatty acid composition of the total lipids of rotifers was al-
most equal for both rotifer diets (Table 4). Saturated fatty acids
were slightly more abundant and monounsaturated fatty acids
were slightly less abundant in Brachionus-Low than in Brachionus-
High, whereas the contents of both n−3 and n−6 polyunsaturated
fatty acids (PUFAs) were equal (p N 0.05, one way ANOVA). Acartia
nauplii (stages I–III and III–IV) exhibited a similar percentage con-
tent of saturated and essential n−6 fatty acids as the rotifers, but
showed a much lower content of monounsaturated fatty acids and
two times higher contents of essential n−3 fatty acids.
Among the dominant fatty acids of total lipids (Fig. 2), DHA
showed slightly higher (p b 0.05, one way ANOVA) and EPA slightly
lower (p b 0.05, one way ANOVA) contents (Fig. 2A, Table 4) and
fractions (Fig. 2B) in Brachionus-Low than in Brachionus-High. EPA
contents were relatively low in both rotifer types, leading to a
DHA:EPA ratio of 22 and 6.1 for Brachionus-Low and Brachionus-
High, respectively.
The quantitative DHA contents of Acartia nauplii (stages I–III and
III–IV) were lower than those of the rotifers, constituting on average
53% of that found in rotifers (range 48–59%). The EPA contents were
variable among the samples, but always highest in the Acartia
nauplii. The percentage contents of DHA of total fatty acids in the
Acartia nauplii were, however, equal to or higher than that of the ro-
tifers, but the content in nauplii stages III–IV, which was used
through most of the feeding period in Experiment 2 (Table 2), was
not signiﬁcantly different from that of the rotifer diets (p N 0.05,
one way ANOVA). The content of arachidonic acid (ARA; 20:4
n−6) was 0.2 and 0.2–0.5 mg g DW−1 in rotifers and Acartia nauplii,
respectively. Finally, the content of 18:1 n−9 was far higher in both
rotifer diets than in the Acartia nauplii (Fig. 2, Table 4).
The data revealed a gradient in percentage DHA contents in the PL
fraction of the rotifer larval diets and in Acartia nauplii (stages III–IV)
(Fig. 3), with the lowest value for Brachionus-Low, intermediate value
for Brachionus-High, and highest value for Acartia nauplii (p b 0.05,
see legend). EPA contents in PL showed a similar signiﬁcant pattern as
DHA, whereas 16:0 and 18:1 fatty acids were found in more equal andvariable amounts. The percentage content of ARA in PL was 0.4 and
0.9% of total PL fatty acids in rotifers and Acartia nauplii, respectively.
3.2. Cod larvae
The contents of total lipids and total fatty acids were equal for
newly hatched yolk sac larvae (2 dph) and for 17 dph larvae fed
the different live feed diets (p N 0.05, one way ANOVA) (Fig. 4A,
Table 5). The contents of PL per DW (Fig. 4B) and per total lipids
(Fig. 4C) were also similar, constituting on average 98 mg PL g DW−1
(range 90–102 mg g DW−1) and 64% PL of total lipids (range
60–68%), respectively. The contents of TAG and FFA were low through-
out and the cholesterol content was lowest in larvae fed Acartia (AT
larvae).
The contents of saturated fatty acids were similar for all groups, but
were slightly higher for newly hatched larvae than for the 17 dph larvae
(Table 5). Monounsaturated fatty acids, dominated by 18:1 n−9, were
found at the highest levels in larvae fed rotifers, whereas AT larvae
maintained their initial level of monounsaturated fatty acids. Larvae
fed Brachionus-Low (Low-B larvae) showed higher 18:2 n−6 and
Σn−6 contents than the other groups, whereas ARA contents was low-
est in larvae fed Brachionus-High (High-B larvae). The mean ARA con-
tent of all groups was 1.4% of total fatty acids and 1.3 mg g DW−1
(range 0.6–1.8mg g DW−1). TheΣn−3 fatty acids became signiﬁcantly
reduced in 17 dph larval groups fed rotifers (p b 0.05, oneway ANOVA)
compared to that at 2 dph, whereas it increased signiﬁcantly, by more
than 20%, in AT larvae (p b 0.05, one way ANOVA). DHA was the domi-
nant n−3 fatty acid, and both DHA and EPA exhibited similar patterns
of variation as Σn−3 fatty acids in total lipids of the cod larvae.
The composition of the dominant fatty acid in PL for the 17 dph lar-
val groups (Fig. 5) revealed a signiﬁcant gradient in percentageDHAand
EPA contents in PL (p b 0.05, one way ANOVA), with the lowest values
in Low-B larvae, intermediate values in High-B larvae, and the highest
values in AT larvae, which maintained the initial DHA and EPA levels
of the 2 dph larvae (Fig. 5). The contents of 16:0 and 18:1 fatty acids var-
iedmore unsystematically andwere similar for all feed groups. The per-
centage content of ARA in PLwas 0.4 and 0.9% of PL fatty acids in rotifer-
and Acartia-fed larvae, respectively.
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Summarising our data, a positive relationship between both DHA
and EPA in PL of the diets and in PL of 17 dph larvae was apparent
(Figs. 3 and 5). It is noteworthy that the quantitative PL contents and
the percentage DHA of total lipids in all diets were similar (Fig. 1 and
Acartia-II–IV in Fig. 2); the percentage DHA content of total fatty acids
was in fact lowest for Brachionus-High (Fig. 2).
The relationship between percentage contents of the dominant
fatty acids and ARA in the live feed versus those of the corresponding
17 dph larvae is further illustrated in Fig. 6. The results suggested a
close relationship between the composition of dominant PL fatty
acids in the diet and in the larvae. There was a signiﬁcant positive re-
lationship for all data after normalising values of the individual fatty
acid contents to their respective maximum value (see inset, r2 =
0.84, p b 0.001, n = 15), suggesting that 84% of the variability in
the PL composition of cod larvae could be explained by the variation
in PL composition of their feed (90% for DHA). The relationship for
normalised data for percentage fatty acids in total lipids of the diets
and that of PL of the larvae showed a signiﬁcant positive relationshipas well (r2 = 0.66, p b 0.001, n = 15), but the DHA contents in total
dietary lipids were similar for all diets and did not correlate with
DHA in PL of the larvae (r2 = 0.12).
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High-B larvae were signiﬁcantly bigger than Low-B larvae at 17
dph in Experiment 1 (p b 0.05, t-test), and AT larvae were signiﬁ-
cantly bigger than High-B larvae in Experiment 2 (p b 0.05, t-test)
(Table 6). Brachionus-High acted as a control diet across both exper-
iments. The size of the cod egg was different for the experiments, as
reﬂected by the larval biomass at 2 dph (Table 6), and the results
across the two experiments were therefore not directly comparable.
Fig. 7 shows pooled results for the two experiments after normalis-
ing the results to their respective control treatment. The ﬁnal DW
biomass of the larvae was signiﬁcantly different between all treat-
ments (p b 0.05 for all, t-test). The survival of AT larvae at 17 dph
was signiﬁcantly higher than that of High-B larvae (Experiment 2,
p b 0.05), but no signiﬁcant difference was apparent in survival of
Low-B and High-B larvae (Experiment 1).4. Discussion
The main questions addressed in the present study were if larvae
of cod incorporated DHA into their tissue PL more efﬁciently from di-
etary PL than from dietary TAG in the early stages of ﬁrst feeding and
if they therefore grew and performed better. We have found that 17
dph Atlantic cod larvae fed different diets of the rotifer B. plicatilisNevada and nauplii stages III–IV of A. tonsa showed a positive rela-
tionship between percentage DHA and EPA in cod larval PL and per-
centage DHA and EPA in PL of the live feed (p b 0.05, one way
ANOVA). Moreover, high DHA and EPA contents of PL of larval tissues
coincided with the higher larval growth rate at 17 dph. The results
suggested that the availability of HUFA from PL and TAG must have
been different and that dietary PL was the main source of PL synthe-
sis through digestion and re-acylation of lyso-PL in the enterocytes of
the larvae. These results support the view that de novo synthesis of
PL from diacylglyceride (DAG) and cytidine diphosphate (CDP)-
activated polar groups (e.g., choline, ethanolamine) or from CDP-
activated DAG and an inactivated polar group (Tocher et al., 2008)
was inefﬁcient. The better availability of n−3 HUFA for PL synthesis
from dietary PL than from neutral lipids (e.g., TAG) and a very inefﬁ-
cient de novo synthesis of PL have been demonstrated using formu-
lated diets for many marine and freshwater species (see reviews by
Cahu et al., 2009; Coutteau et al., 1997; Tocher et al., 2008). A limited
capacity of de novo synthesis of PL in ﬁsh larvae was ﬁrst described
by Kanazawa (e.g., Kanazawa, 1985), and there is ample evidence
that this is a general feature.
In this regard, it is important that both rotifers and Artemia ap-
pear to have low n−3 HUFA contents in their PL (Coutteau and
Mourente, 1997; Li et al., 2014), whereas copepod nauplii has PL as
themain lipid class (Fig. 1) and exhibit very high DHA and EPA contents
in their PL (Fig. 3) (Evjemo et al., 2003; Li et al., 2014; McEvoy et al.,
Table 5
Total lipid and total fatty acid contents and fatty acid composition (mean ± SE) of newly hatched yolk sac larvae (2 dph) and 17 dph cod larvae fed the different diets. Low-B larvae is fed
Brachionus-Low (see Table 1), High-B larvae is fed Brachionus-High (see Table 1), AT-Larvae is fed Acartia nauplii (see Table 1). Lipid acronyms are deﬁned in the legend of Table 3.
Cod larvae Newly hatched 2 dph larvae (n = 8) Low-B larvae (17 dph) (n = 6) High-B larvae (17 dph) (n = 6) AT larvae (17 dph) (n = 4)
Total lipids (mg g DW−1) 153 ± 5.2 149 ± 6.7 145 ± 3.0 145 ± 6.1
Total fatty acids (mg g DW−1) 95.1 ± 6.2 96.8 ± 4.3 94.0 ± 2.0 98.9 ± 2.4
% of total FA
14:0 1.0 ± 0.3 2.11 ± 0.07 2.45 ± 0.04 1.9 ± 0.4
16:0 24.1 ± 0.5 13.9 ± 0.08 14.8 ± 0.15 18 ± 1.7
18:0 5.2 ± 0.25 8.29 ± 0.24 8.04 ± 0.08 6.1 ± 0.7
20:0 0.1 ± 0.01 0.12 ± 0.05 0.09 ± 0.1 nd
∑SFA 30.4 ± 0.63 24.4 0.27 25.3 0.20 26.0 ± 1.9
16:1 n−7 2.0 ± 0.2 7.38 ± 0.25 6.14 ± 0.08 3.7 ± 1.8
18:1 n−7 4.0 ± 0.1 5.67 ± 0.14 4.87 ± 0.05 4.0 ± 0.4
18:1 n−9 11.2 ± 1.3 14.8 ± 0.14 15.0 ± 0.13 7.6 ± 3.4
20:1 n−9 1.8 ± 0.4 2.11 ± 0.01 2.46 ± 0.03 0.6 ± 0.4
∑MUFA 19.0 ± 1.38 30.0 0.32 28.5 0.163 15.9 ± 3.9
18:2 n−6 1.9 ± 0.3 7.46 ± 0.14 4.02 ± 0.02 3.0 ± 1.4
18:3 n−6 0.1 ± 0.1 nd nd 0.2 ± 0.2
20:2 n−6 0.3 ± 0.1 1.0 ± 0.01 0.54 ± 0.02 0.7 ± 0.5
20:3 n−6 0.3 ± 0.05 1.0 ± 0.1 0.29 ± 0.05 nd
20:4 n−6 1.8 ± 0.1 1.21 ± 0.02 0.64 ± 0.01 1.8 ± 0.4
∑n−6 4.3 ± 0.35 10.7 ± 0.14 5.5 ± 0.03 5.7 ± 1.6
18:3 n−3 0.3 ± 0.1 1.56 ± 0.08 0.96 ± 0.01 4.5 ± 1.5
18:4 n−3 0.2 ± 0.1 nd nd 2.7 ± 0.4
20:3 n−3 0.2 ± 0.05 1.01 ± 0.03 0.63 ± 0.1 0.3 ± 0.1
20:4 n−3 0.2 ± 0.05 nd nd 0.8 ± 0.3
20:5 n−3 13.4 ± 0.9 2.51 ± 0.02 4.2 ± 0.1 12.5 ± 0.4
22:5 n−3 1.2 ± 0.1 0.51 ± 0.01 1.38 ± 0.03 1.1 ± 0.3
22:6 n−3 26.7 ± 1.6 14.4 ± 0.32 20.9 ± 0.59 29.9 ± 1.9
∑n−3 42.1 ± 1.85 20.0 ± 0.33 28.0 ± 0.60 51.8 ± 2.5
210 Y. Olsen et al. / Aquaculture 428–429 (2014) 203–2141998). Our study has again conﬁrmed that both copepod nauplii and
newly hatched cod larvae have PL as the main lipid class, very low
TAG contents, and a similar fatty acid composition of their PL. This
means thatDHA andEPA aremainly associatedwith PL, and this is likely
why cod larvae fed copepod nauplii grow faster and perform better. On
the contrary, as rotifers and Artemia both appear to have most of their
n−3 HUFA associated with TAG following enrichment, we suggest
that low availability of the enriched n−3 HUFA of the larvae may be
one reasonwhy the quality of Atlantic cod and Atlantic halibut juveniles
fed rotifers and Artemia is still relatively poor while copepods give bet-
ter growth and performance of the fry (McEvoy et al., 1998). We there-
fore question if it is possible tomodify the PL composition of rotifers andNe
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Fig. 5. Composition of dominating fatty acids in PL of 2 dph yolk sac larvae (NewHatch lar-
vae) and of larvae fed different live feed diets till 17 dph (% of PL fatty acids). Equal indexes
for the individual fatty acids indicate that percentages are not signiﬁcantly different
(p N 0.05, one way ANOVA).Artemia to make them fully adequate as live feed for thementioned ﬁsh
species. In this regard, it may also be important that high DHA in TAG
has appeared to result in high mortality for sea bass (Cahu et al., 2009).
4.1. Live feed diets
The problem of using experimental live feed diets to study PL nutri-
tion of ﬁsh larvae is well recognised (e.g., Tocher et al., 2008). The main
general challenge is to design diets where one principal component is
varied whereas the remaining components are kept relatively constant
over some time, like for formulated feeds. Regarding PL and live feed, it% Fatty acid of PL in diet 
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Fig. 6. Composition of dominant fatty acids in PL (% of PL fatty acids) in 17 dph larvae as a
function of the respective fatty acid composition in the dietary PL. Inset shows the similar
relative composition after normalising contents of the individual fatty acid to the respec-
tive maximal value, with regression line and 95% CI included.
Table 6
Larval weights at 2 and 17 dph and survival at 17 dph for treatments and experiments
(mean ± standard error). n: number of replicate larval tanks. Larval acronyms are
deﬁned in the legend of Table 5.
Experiment Biomass at 2 dph
(μg DW ind−1)
Biomass at 17 dph
(μg DW ind−1)
Survival 17 dph
(% of initial)
Experiment 1
Low-B larvae, n = 3 72 335 ± 26 41.9 ± 0.1
High-B larvae, n = 3 423 ± 23 42.7 ± 4.4
Experiment 2
High-B larvae, n = 4 60 240 ± 26 71.7 ± 7.6
AT-larvae, n = 2 324 ± 36 86.3 ± 2.3
211Y. Olsen et al. / Aquaculture 428–429 (2014) 203–214is not possible to vary the PL content per DW of live feed very much,
whereas PL per lipid is variable and dependent on the total lipid con-
tents of the live feed (Li et al., 2014; Rainuzzo et al., 1994b). It is also pos-
sible to manipulate the fatty acid composition of the PL of live feed, and
we have demonstrated a technique to produce larval live feed diets
based on rotifers that are characterised by different percentages of
n−3 HUFA in PL while most other factors remain relatively constant.
It is difﬁcult to prepare a larval diet based on copepods with the same
lipid characteristics as the rotifer diets, but it is possible to prepareD
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Fig. 7. A compilation of growth (ﬁnal DW larvae−1) and survival (% of initial stock) of
17 dph cod larvae fed different live feed diets in the two ﬁrst feeding experiments. Values
of DW and survival in the two experiments were normalised to the respective control
(High-B larvae). Bars express 1 SE.similar diets in studies where a few or one essential fatty acid is given
priority.
The Acartia-based live feed diet exhibited lipid and fatty acid con-
tents that were slightly different from the two rotifer diets, but some
key characteristics were similar. The percentage DHA in PL of
Acartia-based live feed diet was higher than that of both rotifer
diets (30%) and the lipid content was lower, but PL per DW was the
same. Moreover, the nauplii contained very little TAG and slightly less
cholesterol than the rotifer diets. The quantitative DHA content of the
rotifer treatments was also higher than that of the copepod nauplii,
but the percentage DHA of total fatty acids was the same; the EPA con-
tent was throughout higher, whereas the content of 18:1 fatty acid was
lower.
The feed components used for Brachionus-Low in the present
study were the same as those used for Brachionus-High; the only dif-
ference was in how the lipid emulsion was provided during produc-
tion (Table 1). The lipid characteristics of the two rotifer diets were
almost identical; their total lipids, total fatty acids, DHA and n−3
HUFA, and PL content per DW were almost equal, and their percent-
age DHA of total fatty acids was similar, although slightly higher in
the Brachionus-Low diet that still had lower DHA in PL. The EPA con-
tent of rotifer diets and accordingly also the DHA:EPA ratio were not
strictly the same, but EPA was relatively low (b4%) and the DHA:EPA
ratio was above that of the copepods (N1.5) for both rotifer treat-
ments. The most striking difference of the diets was the higher per-
centage DHA of total PL fatty acids of Brachionus-High (9.4% of total
PL fatty acids) compared with that of Brachionus-Low (2.1%). The
higher percentage DHA was not accompanied by a comparable re-
duction in a single other fatty acid in the PL of the rotifers. In conclu-
sion, the three larval diets formed a gradient in percentage DHA and
EPA in PL, with very little differences in most other fatty acids, in-
cluding ARA (Fig. 3).
It was a surprising result that the percentage DHA in Brachionus-
High did not reach higher levels than 9.4% of total PL fatty acids,
which is only 23% of the DHA content of Marol E. Others have recently
reported a similar result for rotifers (Li et al., 2014; Overrein, 2010),
and we suggest that this low level of DHA in the PL of rotifers may be
genetically or metabolically constrained, therefore representing a max-
imum level for thepresent rotifer strain, a level that is still far lower than
that found for copepods (Li et al., 2014; McEvoy et al., 1998). This con-
clusion implies that DHA and n−3 HUFA enrichment of rotifer PL was
relatively inefﬁcient compared with that of total lipids or TAG.
Brachionus-High was produced using the so-called long-term en-
richment method (Olsen, 2004; Rainuzzo et al., 1994b), where the
lipid source is given along with a more nutritionally complete culti-
vation feed during cultivation (Table 1). The fatty acid composition of
the rotifers will then be directly related to that of their dietary lipids,
and DHA and EPA can be brought to high levels by using an emulsion
with high percentage contents of these n−3 HUFA (Olsen, 2004).
These rotifers, grown at steady state for N5 generations (i.e., doubling
of biomass) in semi-continuous culture (Olsen, 2004) fed constant
feed and daily rations, are believed to exhibit a constant biochemical
composition independent of time, with a percentage n−3 HUFA con-
tent of total fatty acids comparable to, although slightly lower, than
that of their diet (Olsen et al., 1993). In the present case, using very
high DHA in the diet, the rotifers reached a threshold of 22% DHA of
total fatty acids (Table 4), which was 54% of the content in Marol E
(Table 3).
4.2. First feeding experiments
The two feeding trials were undertaken with larval groups
exhibiting different individual DW for 2 dph larvae. The weight in
Experiment 2 was 83% of that in Experiment 1 (Table 6). This reﬂects
eggs of different sizes, and perhaps also of different qualities (Kamler,
2005; Kjørsvik et al., 1990). Both larval groups showed, however,
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suggesting that both groupswere performingwell. The difference in ini-
tial DW per larvae was, however, maintained till 17 dph. Survival was
also different at 17 dph, but still relatively high for both experiments
as compared to the normal result of similar experiments in our labora-
tory. It is important that the ﬁnal growth and survival yields cannot be
deduced at 17 dph, as nutritional implications can becomemanifest at a
later stage. The fact that responses in growth and survival in Experiment
2were already found at 17 dphmost likely indicates that the dietswere,
and would remain, strong drivers of a continuing divergence in growth
and survival beyond 17 dph.
The overall pattern after normalisation of DW and survival at
17 dph to the control treatment of the individual experiment
(Brachionus-High) suggest that larval weights were positively relat-
ed to the DHA content of PL in diets and in the larvae themselves. A
stepwise evaluation of the experiments one by one yields the same
conclusion overall, with the DW of Low-B larvae b High-B larvae
and High-B larvae b AT larvae, meaning that the DW of Low-B larvae
b High-B larvae b AT larvae. This supports our suggestion that the
DHA content in dietary PL can be a critical factor across all three
diets.
4.3. Pathways of lipid metabolism
Our analytical data allow some further speculations on how the fatty
acid composition and conﬁguration of dietary PL and TAGmay affect PL
synthesis and performance in ﬁsh larvae. We do this based on the cur-
rent knowledge on pathways of lipid metabolism in marine ﬁsh larvaeFig. 8. Schematic view of the digestion and metabolism of TGA and PL in the intestine
monoacylglycerides; DAG: diacylglycerides; PL: phospholipid (withHUFA at the sn−2 position
CDP-PG: activated choline cytosine with polar group (here choline or ethanolamine); PC: pho
based on dietary TAG; re-acylated PL: phospholipids synthesised based on dietary PL; ΣFFA: p
1–3 lipase and PLA2 are digestive enzymes.(e.g., Cahu et al., 2009; Daprà et al., 2011; Gisbert et al., 2005; Tocher
et al., 2008).
The main pathways of de novo synthesis of PL based on dietary
TAG and the alternative synthesis of PL through re-acylation of
lyso-PL originating from dietary PL are schematically summarised
in Fig. 8. The anabolic processes of de novo synthesis of PL and re-
acylation of lyso-PL take place in the enterocytes, from which TAG
and PL are transported via the blood to the tissues as complex
lipoproteins.
If we assume that the n−3 HUFA of a dietary TAG is mainly esteri-
ﬁed at the sn−2 position (Fig. 8) (Sargent et al., 1989, 1999), the
n−3 HUFA will be retained in the monoacylglyceride (MAG) after di-
gestion in the intestine and in DAG after re-acylation in the enterocytes.
The n−3 HUFA will then become incorporated in the de novo synthe-
sised PL, synthesised either from DAG and CDP-activated polar groups
choline or from ethanolamine, forming phosphatidylcholine (PC) and
phosphatidylethanolamine (PE), respectively (Fig. 8), or from CDP-
activated DAG and serine or inositol, forming phosphatidylserine (PS)
and phosphatidylinositol (PI), respectively (not shown) (Tocher et al.,
2008). Other exchange mechanisms in between the PL molecules may
take place as well, but it follows that both de novo synthesised PL and
TAG will retain a majority of their original n−3 HUFA at the sn−2 po-
sition because the n−3 HUFA at sn−2 position will never be removed
from the glycerol skeleton (Fig. 8). If PL of tissues are mainly de novo
synthesised based on dietarymarine TAG, we should expect high reten-
tion of dietary n−3 HUFA in both the dominant PL molecules and in
TAG of ﬁsh tissues and a positive correlation between percentage
n−3 HUFA content in dietary TAG or total lipids and tissue PL of ﬁsh.and enterocytes. TAG: triacylglycerides (with HUFA at the sn−2 position); MAG:
); PG: polar group (choline, ethanolamine, inositol, and serine); CDP: cytidine diphosphate;
sphatidylcholine; PE: phosphatidylethanolamine; de novo PL: phospholipids synthesised
ool of free fatty acids, saturated, monounsaturated, and polyunsaturated, including HUFA;
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(r2 = 0.12).
The results therefore agree with the ﬁndings that de novo syn-
thesis of PL is inefﬁcient in ﬁsh larvae and that consequently, PL
must be supplied in the feed. Many authors (e.g., Cahu et al., 2009;
Daprà et al., 2011; Gisbert et al., 2005; Kanazawa, 1985; Tocher
et al., 2008) have evaluated the principal mechanism of this appar-
ent limitation, but there is so far no clear conclusion. It appears that
re-acylation and most other anabolic processes take place in the
enterocytes, but that the formation of lipoproteins and transport out
of the enterocytes are in some ways inefﬁcient (Daprà et al., 2011).
Tocher et al. (2008) mention CDP-choline and CDP-ethanolamine
phosphotransferases as possible limiting steps, but suggest that the
limiting step may be further back in these pathways of de novo PL
synthesis.
It follows that the principal precursor of PL synthesis in larvae is
dietary PL, forming lyso-PL and a FFA after digestion. These compo-
nents are taken up in enterocytes and lyso-PL undergoes re-
acylation of FFA to form PL (Fig. 8). With this as the principal process
of PL synthesis in larvae, we suggest that the fatty acid composition
and conﬁguration of dietary PL are very important for the fatty acid
composition and conﬁguration of larval PL, and accordingly also for
larval membrane functionality, cellular metabolism, and ultimately
for growth and performance of larvae and juveniles. It is generally
believed that phospholipase A2 (PLA2) is the active digestive en-
zyme, and PLA2 removes the sn−2 acyl chain from the PL molecule.
Because the n−3 HUFA of marine PL are normally esteriﬁed at the
sn−2 position (Sargent et al., 1989, 1999), PLA2 removes the most
vulnerable fatty acids from the dietary PL molecule. In the acylation
process in the enterocytes, the composition of FFA available (ΣFFA,
the pool of FFA, includes saturated, monounsaturated, and polyun-
saturated fatty acids, including HUFA) and the speciﬁcity of the en-
zymes catalysing the re-acylation process affect the n−3 HUFA
content of the PL. The concentration and composition of ΣFFA are re-
lated to the total lipid content of the diet or its TAG content. If total
lipids/TAG is low, like in copepod nauplii, the sn−2 fatty acid of
the dietary PL will dominate ΣFFA. If total lipids/TAG is high, sn−1
and sn−3 fatty acids from TAG will dominate.
With these considerations in mind, we deduce that for dietary PL
with a very low DHA content, independent of TAG content (e.g.,
Brachionus-Low), ΣFFA will include fatty acids from the sn−1 and
sn−3 positions in dietary TAG and from the sn−2 position of dietary
PL. The fraction of DHA will then always be low. The PL of Brachionus-
Low contained around 2% DHA, meaning that 4 out of 100 PLmolecules
contained a DHA molecule. The PL of Brachionus-High contained 9.4%
DHA, meaning that around 2 out of 10 PL molecules contained a DHA
molecule. Therefore, the DHA content of the re-acylated PL molecule
in both caseswill be questionable, and high TAG contentsmay strength-
en this negative effect.
In the other extreme case, if the dietary PL has a high DHA content
and TAG content is low (e.g., Acartia nauplii), ΣFFA will have a much
higher fraction of DHA. The PL of Acartia nauplii had a three times higher
DHA content than Brachionus-High, with around 30% the DHA content
of the nauplii, meaning that 6 out of 10 PL molecules contained DHA.
Harvested nauplii and copepodides in northern waters may readily
have up to 50% DHA in their PL (Li et al., 2014), meaning that all PLmol-
eculesmay contain a DHAmolecule. The DHA content of the re-acylated
PL molecule will then likely be much higher. If TAG content becomes
higher, the fraction of DHA in ΣFFA will become reduced. Finally,
HUFA/PUFA are selected for during re-acylation of lyso-PL at the
sn−2 position (Sargent et al., 1999), but the ﬁnal DHA content of the
re-acylated PL will likely still be lower than that in the dietary PL.
The above considerations imply that the live feed of species like cod,
and we add halibut, should be fed diets with fatty acid contents and a
conﬁguration of PL similar to their own requirements, judged by the
PL composition in newly hatched larvae. Moreover, the TAG contentshould be as low as possible, to maximize the DHA fraction in ΣFFA,
the pool of FFA available in lyso-PL re-acylation. High DHA in PL and
low TAG content are typical characteristics of copepod nauplii and
copepodides.
There are some questions raised regarding the activity of PLA2 in
ﬁsh larvae. Larvae of both gilthead sea bream and sea bass did not
show PLA2 activity in early larval stages (Izquierdo and Henderson,
1998; Zambonino Infante and Cahu, 2001). Gene expression studies
in whole larval cod have shown a stable level of PLA2 during the
ﬁrst 20 days and, thereafter, a rapid increase in the expression of
PLA2 genes up to day 60 (Kortner et al., 2011). However, these stud-
ies do not specify the baseline level at hatching, only the increase in
gene expression. Saele et al. (2011) showed that expression of the
PLA2 enzyme species secreted from the pancreas remained low in
Atlantic cod (G. morhua) until day 62, whereas the expression of
total PLA2 in the larvae showed higher values. These results at least
question the general idea that PLA2 is the principal enzyme of PL di-
gestion in ﬁsh larvae.
Alternative digestion enzymes of PL are PLA1 and 1–3 lipase,
which both remove the sn−1 acyl chain. The 1–3 lipase is present
at hatching in ﬁsh larvae (Cahu et al., 2009), but it is not known if
it can cleave PL. PLA1 is present in ﬁsh ovaries (Hiratsuka et al.,
2008), but its presence and activity in the larval intestine during
the early developmental stages are not documented. Nevertheless,
if the sn−1 acyl moiety is removed from PL during digestion, the
re-acylated PL molecules will exhibit a similar HUFA content as the
dietary PL, because the HUFA will remain associated with the
phosphoglycerol skeleton throughout. The potential interference of
high TAG may then be less critical.5. Concluding remarks
As early ﬁsh larvae primarily retain their n−3 HUFA from dietary
PL while the n−3 HUFA enrichment techniques primarily increase
the n−3 HUFA contents of TAG of rotifers, it follows that the tradi-
tional enrichment techniques may not be efﬁcient for species like At-
lantic cod. The n−3 HUFA enrichment of rotifer PL is low compared
with that of rotifer TAG. We believe that the DHA (or n−3 HUFA) re-
quirements of cod larvae cannot be easily met using B. plicatilisNeva-
da as the only live food, and the strain B. plicatilis Cayman has shown
similar characteristics (Li et al., 2014). These ﬁndings may contribute
to explaining the problems of rearing juveniles of cold water species
like Atlantic cod and Atlantic halibut, and call for new approaches in
larval feeding and live feed technology for such species. Co-feeding
by formulated diets and a minimised use of mass cultured copepod
nauplii or copepodides are approaches that should be further
elaborated.
We also speculate that the efﬁciency of de novo synthesis of PL, and
thereby the ability to utilise HUFA in TAG of the live feed, may vary
among larval ﬁsh species. First feeding is known to be easier for some
larval species than for others (Moksness et al., 2004), and we postulate
that a species-speciﬁc ability to useHUFA fromTAG froman early devel-
opmental stage may be decisive for these differences.References
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